This paper proposes an accurate fault location algorithm technique based on hybrid synchronized sparse voltage and sparse current phasor measurements. The proposed algorithm addresses the performance limitation of fault location algorithms based on only synchronized sparse voltage measurements (SSVM) and on only synchronized sparse current measurements (SSCM). In the proposed method, bus voltage phasor of faulty line or close to faulty line and branch current phasor of the adjacent line is utilized. The paper contributes to improve the accuracy of fault location and deter the effect of CT saturation by using hybrid voltage and current measurements. The proposed algorithm has been tested on four bus two area power system and IEEE 14 bus system with the typical features of an actual distribution system. The robustness of algorithm has been tested by variation in fault location, fault resistance, load switching.
I. INTRODUCTION
Accurate and timely fault detection on power lines results in quick restoration of power, speeds up inspection and repair of faulty power transmission line. It reduces customer's complaints, power outage time and loss of revenue; as a result, reliability of power system increases.
Faults are inevitable in power system and mitigation and isolation of faults is of cardinal importance for reliable operation of the power system. Owing to the importance of fault detection and location in power system, many researchers have proposed algorithms for identification and isolation as well as prediction accurate location of the fault.
Global Positioning System (GPS) based Phasor Measurment Units (PMUs) have been deployed for accurate phasor measurements since late 1980s. Consequently, Wide Area Measurement/Monitoring System (WAMS) concept has been developed for upgrading the supervision, protection, operation and control of modern power systems. GPS based PMUs provide synchronized measurements for accurate monitoring and control of the power system in real-time. The same measurements can be used for the fault location and detection algorithms [1] , [2] .
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Impedance-based fault location techniques utilize the voltages and currents signals at the fundamental frequency.
Voltage and current phasors can be provided by PMUs installed at important buses in the power system. Depending upon the input signals, fault location algorithms are classified into one-end, two-end and multi-ended algorithms.
One-end algorithms utilize voltages and currents from only one end of the line for estimating the distance to the fault. Such techniques [3] - [9] are simple and do not require communication with the remote end of the transmission line. Single-ended algorithms suffer from the low accuracy due to higher fault resistance, zero sequence mutual coupling, tapped load and non homogeneous power systems.
Two-end algorithms utilize signals from both ends of the line and thus more amount of information about the power system is utilized. As a result, two-end algorithms have superior performance than one-end algorithms.
The input signals to the two-end algorithms are current and voltage measurements [10] - [18] . In [19] , only current measurements are utilized to develop fault location algorithms. In [20] - [22] , only voltage measurements of both ends are utilized in order to ensure complete immunity to current transformer (CT) saturation. The algorithm proposed in [23] , [24] utilizes minimum amount of information between line terminals.
A fault location algorithm using only Synchronized Sparse Voltage Measurements (SSVM) of both-end was proposed in [25] . The algorithm utilizes only voltage measurements from buses, which may be away from the faulted line.
Ali et al proposed a fault modeling and detection procedure using analytical techniques to detect and isolate faults in power transmission and distribution networks [26] . A fault location algorithm is proposed in [27] based on positive sequence voltage and current measurements obtained from PMUs placed at strategic locations in the power system. Liao [28] proposed fault location method utilizing only Synchronized Sparse Current Measurements (SSCM) from the branches which may be distant from the faulted section. This algorithms seems more accurate than the voltage based methods because of having more information about the system. However, as the algorithm utilize only current measurements so its performance is limited by the CT saturation due to higher magnitude fault current.
Traditionally, existing two-ended methods [2, [7] [8] [9] require the phase alignment of data sets captured at both ends of a monitored line using pre-fault load flow information, iterative methods, and communication of a significant amount of data between relay terminals. Other researchers [7] [8] [9] [10] have proposed different methodologies using fundamental frequency phasor data from two terminals of a line, and in some cases from three-or multi-terminal lines. These methods have some inherent limitations, such as requirement for data alignment, knowledge of prefault load flow information, need to perform iterations, and communication of a large amount of data between the terminals. In addition, a number of multi-terminal methods [7, [9] [10] are not applicable to overhead lines with zero-sequence mutual coupling.
To overcome the shortcomings of above mentioned algorithms, this paper proposes a hybrid fault location algorithm utilizing both synchronized sparse voltage and sparse current phasor measurements. The proposed method addresses the performance limitation of fault location algorithms based on only voltage [25] or only current measurement [28] . The data required for the estimation of fault location does not require load-flow information and the amount of data transmitted between the terminals is sufficiently small and can easily be transmitted using a single A comparison is also made between the proposed algorithm and the fault locations method based on only SSVM [25] , and on only SSCM [28] . The proposed method is more accurate than the SSVM and also immune to CT saturation. It is assumed that network is transposed and its data is known. The PMUs are optimally placed at a limited number of buses and the fault detection and faulty line is identified with available number of PMUs.
The organization of the rest of the paper is as follows. In Section II, fault location using SSVM is discussed.
Section III describes the fault location algorithm utilizing only SSCM. In Section IV, proposed algorithm is discussed.
Simulation results to prove the effectiveness of the method are demonstrated in Section V.
II. ALGORITHM BASED ON SYNCHRONIZED SPARSE VOLTAGE MEASUREMENTS (SSVM)
The proposed algorithm is based on the bus impedance matrix technique [29] . A fictitious bus is added at the fault point and the impedance of all the buses is expressed as a function of fault location. The fault location is derived based on the relationship between change in bus voltage due to fault and the transfer impedance. A sample power system having n buses has been shown in Fig. 1 .
is the total impedance of the line between bus p and q where i denote sequence quantity. i = 0, 1 and 2 indicate zero, positive and negative sequence quantities respectively. The bus impedance matrix of the pre-fault power system Z (i) 0 has been developed through the technique discussed in [29] .
Consider a fault occurs on the power system between line p, q at point r, where r is the fictitious bus which represents the fault point and r = n + 1. m denotes the fault distance (in per unit) from bus p. Let Z (i) denotes the bus impedance matrix with the addition of fault bus r. Ignoring the shunt capacitance we have
Where
Due to the relationship between change in bus voltage and its impedance matrix [25] , we get
where E
(1)0 k represents pre-fault positive sequence voltage at bus k; E
(1)
k are positive, negative and zero sequence voltages during fault at bus k respectively; I
f are positive, negative and zero sequence currents during fault at fault point r.
Suppose the synchronized positive sequence measurements of pre-fault and fault voltages at two buses k and l, which may be away from the faulty transmission line, are available.
Similar to (5) at bus l, we have
f from (5) and (8), we have
Similar to (1), we get
From (1) and (10), we have
From (9) and (11) 
Where ∆E
(1) k and ∆E
(1) l are positive sequence voltage changes at bus k and l.
Solving (12), the fault location has been derived as
Remark. The above algorithm is feasible if there exists a path which passes through faulty line and does not pass through any bus more than once between two buses k and l. Otherwise, the voltage changes between these two buses will be constant, and will be independent of the fault location variable. The feasibility of above method is discussed in detail in [25] .
III. ALGORITHM BASED ON BASED ON SYNCHRONIZED SPARSE CURRENT MEASUREMENTS (SSCM)
In this section, fault location algorithm utilizing only the sparse current measurements of the two branches is discussed. The current measurements taken for the fault location algorithm may be away from the faulted line.
Similar to previous algorithm, the bus impedance matrix technique is also used here. A fictitious bus is added at the fault point and the impedance of all the buses is expressed as a function of fault location. The fault location is derived based on the relationship between change in branch current due to the fault and the transfer impedance.
Let the impedance between the two branches k and l is z
kl , where i denote the sequence. Let the fault occur on power transmission line between bus p − q at point r. The positive, negative and zero sequence currents I
kl can be calculated based on the following categories [28] .
where
and
In this fault location method, the sequence branch currents are formulated with respect to terms β kl (1) and the fault current through branches. The corresponding terms β kl (1) can be expressed in terms of unknown fault distance m. Suppose that the synchronized branch current phasors between buses k 1 , l 1 and the buses k 2 , l 2 are available from (15), we can find the branch currents as
Eliminating I
(1) f
I
Substituting values from (21) and (22) = B
Solving (24) and (25), we get
Remark. This algorithm is applicable only when the current change due to fault between two branches are linearly independent.
IV. PROPOSED FAULT LOCATION ALGORITHM BASED ON HYBRID VOLTAGE AND CURRENT MEASUREMENTS
The fault location algorithm utilizing more information about power system has superior performance [30] . For example, two-end algorithms utilize input signals from both terminals of the line thus providing more information to the relay; therefore, its performance is superior than one-end algorithm as discussed in Section I.
The fault location algorithm using sparse voltage measurements utilize voltage phasors of only two buses of the power system. In order to have more accuracy, it is needed to utilize voltage phasors of more buses and PMUs are needed on buses at important locations in the power system. The fault location algorithm using sparse current measurements utilize current phasors of the two branches of the power system thus having more information about the power system. But the current transformers may get saturated under certain fault conditions of the transmission lines thus compromising the accuracy of fault location algorithm.
In the proposed fault location algorithm, both SSVM and SSCM have been utilized. The algorithm utilizes the bus voltages of the faulty transmission line or the adjacent buses and the currents of branches other than the faulty transmission line to develop the fault location index.
Similar to previous algorithms, the bus impedance matrix technique is also used here. A fictitious bus is added at fault point. All the bus impedances have been expressed as a function of fault location. Due to the relationship between change in branch current, change in bus voltage to the fault and the fault impedance, the fault location can be estimated.
Suppose that the synchronized current phasors through branch between bus k 1 and k 2 , and the voltage phasor of bus l 1 are available.
From (21) and (8), we have
I
Solving we get
The fault location m can be obtained by solving (32) as, Let
It can be derived from (32) that:
Solving (37) results in:
The above solution gives fault location through the root whose value is between 0 and +1.
Algorithm 1 Proposed Fault Location algorithm
• After fault occurs take the available synchronized current phasors through branch between bus k 1 and k 2 , and voltage phasor at bus l 1
• Find D k1l1l2 using (31)
• Find m using (32) Remark. The above algorithm is feasible if there exist a path which passes through faulty line and does not passes through any bus more than once between two buses k and l. Also this algorithm is applicable only when the current change due to fault between two branches are linearly independent.
V. SIMULATION CASE STUDIES OF THE PROPOSED ALGORITHM
To evaluate the performance of the proposed fault location algorithm, simulation studies on various test systems are performed. The algorithms are tested on two-area four-bus power system and on IEEE 14-bus system. The tested two-area four-bus power system is a 230 kV, 100 MVA, 50 Hz transmission line system. The block diagram of this power system has been shown in Fig. 2 and the transmission line and generator data for the system is given in Table I and II respectively. The tested four-bus power system and IEEE 14-bus system are simulated in Simulink, while the fault location algorithm is implemented in MATLAB. 
Figure 3. IEEE 14 bus system [31] The IEEE 14-bus system is shown in Fig. 3 . The system data for the 14-bus system is given in [31] . In this section, four-bus power system is tested by the proposed fault location algorithm and results are compared with fault location algorithm using SSVM and SSCM under different fault scenarios. The fault is applied on the line T 2 at distance m from bus 2. D is the distance from bus 2 to point where fault occurs. The results ascertain the accuracy of the proposed fault location algorithm especially for faults involving two or more than two lines. It is evident from Table IV that the percentage Table III FAULT LG 
B. Simulation Results for IEEE 14-bus System
In this section, IEEE 14-bus system is tested by the proposed fault location algorithm and results are compared with sparse voltage measurement under different fault scenarios. Table V shows fault location results for fault applied on transmission line between Bus 1 and Bus 5 for different fault type i.e LL, LG, LLL and LLG and for different fault resistance. Table VI shows fault location results for fault applied on line between bus 12 and bus 13 for different fault type and for different fault resistance. Table VII show fault location results for fault applied on transmission line between bus 9 and bus 14 for different fault type and for different fault resistance.
C. Comparison between Three Fault Location Algorithms
The proposed fault location algorithm is tested for different fault locations, fault type and fault resistances. Quite satisfactory results were obtained using the proposed algorithm. The fault location estimate depends upon fault type and fault resistance. The fault location algorithm using SSVM is completely immune to CT saturation but it can be seen from Table IV that fault location algorithm using SSCM gives relatively accurate estimate than the SSVM.
The reason is that it uses more information about the system. Though, the disadvantage lies with the algorithm is that the current transformer may get saturated in case if the available branches current measurements contain branch current of faulty line. In order to have more accurate estimates by using sparse voltage measurement, we need to utilize the bus voltages of more number of buses but, in practice, it is uneconomical to have large number of PMUs installed on power system. The proposed fault location algorithm is more accurate than the sparse voltage measurement algorithm as shown in Table IV 
